The chemi-ionization (CI) processes in atom-Rydberg-atom collisions are investigated in this contribution. The rate coefficients for CI processes in Li * (n) + Na, Li * (n) + Li, Na * (n) + Na and H * (n) + Li collisions are calculated for wide region of temperatures T ≤ 4000 K and the principal quantum numbers 4 ≤ n ≤ 25. These processes are investigated, with a particular accent on the possibility of involving alkali metals as the factors which may influence optical properties and modeling of weakly ionized layers of different stellar atmospheres. The obtained rate coefficients are applied to models of the Io atmosphere. Moreover, we present here further development of investigation of CI processes for other possible applications in spectroscopy such as in low temperature laboratory plasma created in gas discharges, for example in microwave-induced discharges at atmospheric pressure, where such plasma conditions may be favorable.
INTRODUCTION
Ionization processes which involve highly excited Rydberg atoms (RA) in different environments still attract attention of scientists as they may be connected with the characteristics of many types of laboratory and astrophysical plasmas (see, for example, Bezuglov et al. 2003; Gnedin et al. 2009; Mihajlov et al. 2016) . The study of RA with the development of laser technique has led to a great experimental advances and in recent years renewed interest for such researches and enabled expansion in astrophysics. The interpretation of line spectra with radiative transfer calculations requires spectroscopic data as well as collisional data (e.g., atomic parameters, cross sections, rate coefficients, etc. Hauschildt & Baron 2005; Lind et al. 2011) . The fact that the ionization processes which involve highly excited atoms, like chemi-ionization (CI) processes O'Keeffe et al. 2012) influence the ionization level and atom excited-state populations, could influence the optical properties of the weakly ionized regions (Mihajlov et al. 2011) of alkali rich plasmas and potentially be important for the spectroscopy and modeling of such environment.
CI processes in collisions of excited alkali atoms with atoms in ground and excited states were already considered, ⋆ E-mail: vlada@ipb.ac.rs with a particular accent to the applications in stellar atmosphere modeling (Klyucharev et al. 2007 ) as well as for low temperature laboratory plasma research created in gas discharges, for example in microwave-induced discharges at atmospheric pressure, where plasma conditions (Yubero et al. 2007 ) may be favorable for processes investigated here.
There are several kinds of geo-cosmical plasmas where alkali atoms are present (see e.g. Chary et al. 1999; Dupuis et al. 1993 ) and conditions for chemi-ionization in atom -Rydberg atom collisions are favorable, so that the corresponding data are useful for modeling and investigation of physical processes. We can mention cool stars, in particular brown and white dwarfs, lithium stars, sodium clouds around Iovian satellite Io, cometary tails, and primordial gas containing Li atoms and ions. As an example, we can cite Debes et al. (2012) , where is quoted the existence of metal-rich envelopes including Na around extremely low-mass white dwarfs. Also, the mentioned chemirecombination processes may be of interest for white dwarfs polluted with metals by accretion from the surrounding environment (types DAZ, DBZ and DZ) and dusty white dwarfs. In fact, it is known that in all dusty white dwarfs there is alkali atoms accretion onto their dusty disk. We note as well that white dwarfs with the evidence of accretion can possess planetary systems (Gianninas et al. 2014) , and the spectroscopic observations of sodium atoms in these objects can contribute to the confirmation of this hypothesis. Namely, some of dusty white dwarfs have powerful infrared excess produced by orbiting dust disk that contains planetary systems and planetesimals. Additionally, these materials, containing alkali atoms as well, get accreted onto the white dwarf. Studying the accreted heavy elements, including alkali atoms, becomes an effective way to measure directly the bulk compositions of extrasolar planetesimals (Xu & Jura 2014) . Sodium atoms may be significant part of such heavyelement clouds so that detailed investigation of Na emission features is of importance for investigating such astrophysical problems. Recently, with combined Spitzer and ground-based Korea Microlensing Telescope Network observations an Earth-mass planet orbiting ultra cool dwarf was identified and investigated (Shvartzvald et al. 2017) . Consequently, data on Na atoms in such objects can be very useful for determining planetesimals and Earth-mass planets in dusty disks surrounding the central ultra cool dwarf. On the other hand, CI processes modify plasma characteristics which influences spectral properties as well, so that their investigations contributes to better modelling and analysis of such plasmas.
Study of CI processes may be of interest for the investigation and modelling of plasma in cold lithium stars, intensively discussed in the literature (see North et al. 1998; Shavrina et al. 2001 Shavrina et al. , 2003 . As an example, recently Li et al. (2018) found high-lithium abundance in newly discovered 12 low-mass, metal-poor, main-sequence stars, and in red giant stars in the Milky Way halo. Collisional processes including CI could be of interest for studying of lithiumrich stellar atmospheres as an additional canal for the creation of Li I atoms. The considered CI processes influence as well the ionization level and atom excited-state populations, so that they could affect the optical properties of the weakly ionized regions of alkali rich plasmas. Additionally, already in Brown (1974) the first neutral sodium cloud near Jovian satellite Io has been detected (see also paper Brown & Chaffee Jr 1974; Fegley Jr & Zolotov 2000) . Since the investigation of these sodium clouds are necessary to better understand the interaction between Io's atmosphere and Jovian magnetosphere and the processes in the Jovian surroundings (Mendillo et al. 1990; Wilson et al. 2002) , the data on CI processes during alkali RA collisions may be of interest. In a recent paper Schaefer & Fegley Jr (2005) , authors estimated and expected abundance of lithium at Io.
Another type of plasma interesting for the application of present results is in cometary tails, where there is possible significant presence of alkali atoms, especially of sodium atoms (Cremonese et al. 2002) . The existence of the neutral tail containing sodium was confirmed through observations of comet Hale Bopp in Cremonese et al. (1997) .
It is also known that in the early Universe the chemical composition of the primordial gas contained lithium, and during the cooling of Universe there is an epoch when conditions for presently investigated RA collisional processes were favorable (Puy et al. 2007 ). Collisional recombination, ionization and Rydberg states can play important role for the early Universe chemistry (Coppola et al. 2011) . Consequently, data on rate coefficients for CI processes in atom -Rydberg atom collisions of Na and Li atoms, may be of interest for a number of astrophysical plasmas, as well as for the early Universe chemistry. Finally, the properties of alkali plasmas are of basic interest and of importance for some laboratory and technical applications (Horvatić et al. 2015; Pichler et al. 2017) . For instance, investigation of the fluorescence spectrum of sodium atoms is important in spectroscopy and laboratory investigation (Efimov et al. 2017) . Also, lithium is an alkali metal of considerable technological interest. It is used in new light sources, solar thermal power plants, inertial confinement fusion reactor, electrochemical energy sources, nextgeneration microelectronics, etc (Stwalley & Koch 1980; Grovenor 2017 ).
THEORETICAL REMARKS
In this contribution we studied two types of CI processes: the non-symmetric processes
and the symmetric processes
where A, X, A + and X + are atoms and their atomic ions in the ground states, A * (n) is the atom in a highly excited (Rydberg) state with the principal quantum number n ≫ 1, i.e. RA, A + 2 and AX + are the molecular ions in the ground electronic states. In Eq. (1) the ionization potential I X of the X atom is less than the ionization potential I A of the atom A. The CI reactions (1) and (2) can be divided according to the products of the reaction: to the channel (a) of associative ionization i.e. creation of molecular ions A + 2 or AX + and to the non-associative ionization channel (b).
In Ignjatović & Mihajlov (2005) and Ignjatović et al. (2008) , the processes A * (n) + A and A * (n) + X, with Li and Na have been considered for laboratory plasma for the conditions of single-beam and crossed-beam cases for the temperature range 600 K ≤ T ≤ 1100 K. Here we further investigate CI processes for astrophysical plasma and give results which enable modeling of geo-cosmic weakly ionized plasma for wide range of plasma parameters (500 K ≤ T ≤ 4000 K and 4 ≤ n ≤ 25). and for the first time examine the CI processes in H * (n) + Li collisions.
The calculated quantities: The method of the dipole resonant mechanism is used for the calculations of the rate coefficients of the processes (1) and (2). We present here the brief description with the basic theory (for details see e.g. papers Mihajlov et al. 2012; O'Keeffe et al. 2012) . The calculations of these rate coefficients are performed for the principal quantum number 4 ≤ n ≤ 25 and temperatures up to 4000 K. The results of calculation, as well as the necessary discussion, are presented in Sec. 3
The cross section for associative ionization σ (a) (n, E) (channels 1a and 2a) and the total CI cross-section σ (ab) (n, E) (for 1 and 2) can be presented in the form
Here P (a,ab) (n, ρ, E) is the CI probability which describes the processes separately (a)and together (ab), ρ is the parameter of impact, ρ (a,ab) m (E) are the upper limits of corresponding impact parameters (for details see Ignjatović & Mihajlov 2005; Ignjatović et al. 2008) . The partial rate coefficients K (a) (n, T) and K (b) (n, T) and the total ones K (ab) (n, T) can be presented with
By definition, rate coefficients K (ab) (n, T) and K (a) (n, T) are given by relations
where the cross-sections σ (a,ab) (n, E) are determined by Eq. (3), E
m (n) is the upper limit of E relevant for the associative ionization process (1a) or (2a) (see Ignjatović & Mihajlov (2005) ; Mihajlov et al. (2012) ), and
, where M is reduced mass of subsystem A + + A or A + + X. The rate coefficient K (b) (n, T) for the process (b) is determined from Eq. (4). The potential curves of the molecular ions, the square of dipole matrix element for the transition between states, as well as other needed parameters can be found in Ignjatović & Mihajlov (2005) , Ignjatović et al. (2008) and Ignjatović et al. (2014) . The relative contribution of the associative processes (1a), (2a) and non-associative processes (1b), (2b) can be characterized by the corresponding coefficients
The results of the rate coefficients of all investigated CI processes in this work are given in tabulated form in the online version of this article.
RESULTS AND APPLICATIONS

Rate coefficients for CI processes
We calculated the partial K (a) (n, T) and K (b) (n, T) and total CI rate coefficients K (ab) (n, T) for the extended range of principal quantum numbers n ≤ 25 and temperatures 500 K ≤ T ≤ 1500 K for the CI processes in Li * (n) + Na, Na * (n)+ Na collisions, and 500 K ≤ T ≤ 4000 K for Li * (n)+ Li and H * (n)+Li collisions. The total rate coefficients K (ab) (n, T) are presented in Figs. 1 and 2 and in Tab. 1. The rate coefficients K (a) (n, T) and K (b) (n, T) of both channels are presented in tabulated form Tabs. 2 -9. To enable better and more adequate usage of these results in laboratory as well as in modeling, we present a simple fitting formula for the total rate coefficients based on a least-square method, which represents a second-degree polynomial (logarithmic):
The fits are valid within the temperature range 500 K ≤ T ≤ 1500 K for Li * (n) + Na, Na * (n) + Na collisions and 500 K ≤ T ≤ 4000 K for Li * (n) + Li and H * (n) + Li collisions. It is possible that the fit is applicable outside this area, but this should be used with caution. In Tab. 1 the selected fits (for 4 ≤ n ≤ 20) for CI in A+RA collisions are listed. The processes (a) and (b) in fact act as the channels of a more general CI process. Therefore we characterized them by partial rate coefficients and coefficient O (a) (n, T), which describe the relative influence of the associative ionization channel. The calculations of those values are also performed. The relative contribution of the associative channels (i.e. creation of molecular ions) are presented in the bottom panels of Figs. 1 and 2 by surface plot for the examples of Li * (n)+Li and H * (n) + Li collisions. It can be noticed that in the considered regions of n and T the process of associative CI in Li * (n) + Li collisions dominate in comparison with the nonassociative CI channel with a maximum for small values of n. Similar conclusions are valid for the CI in Li * (n) + Na, and Na * (n) + Na collisions (see Tabs. in online version of the paper). Unlike these cases in H * (n)+Li collisions, the associative channel is totally negligible (see Fig. 2 ) for the analysed conditions e.g. in Li-rich stars this process is definitely not the main source of the LiH + molecular ion creation.
Upper panels of Figs. 1 and 2 present the total CI rate coefficient K (ab) (n, T) for the cases of Li * (n)+Li and H * (n)+Li collisions. One can see that the rate coefficient K (ab) (n, T) for Li * (n) + Li (and also for Li * (n) + Na, and Na * (n) + Na) has the maximum between n = 6 and n = 10 (upper panel of Fig. 1) . When increasing the temperature, the maximum moves to lower values of n. It is evidently that the total CI rate coefficient for the higher values of n does not or little depends on the temperature and can be approximated with the function of n i.e. ∼ 10 −6 /n 3 . A totally different behavior of K (ab) (n, T) is seen for the case of H * (n) + Li (see Fig. 2 ) for which the rate coefficient monotony decreases with the increase of n, with different dependence on temperature.
Io atmosphere
The calculated CI rate coefficient K (ab) (n, T) (see Fig. 3 ) covers the plasma parameter space which is important for the models of Io's atmospheres (Strobel et al. 1994) , which till now was not investigated in this context. Such processes may become important and could be used for better numerical simulations and modelling. In Fig 3 (left panel) the temperature and density altitude profiles for low density (solid line), moderate-density (dashed line), and high-density (dotted line) of Io modeled atmospheres (Strobel et al. 1994 ) are presented. The right panel of Fig 3 shows the total rate coefficient K (ab) ci (n, T) for CI processes in Li * (n) + Na, Li * (n) + Li and Na * (n) + Na collisions for modeled atmospheres of Io (Strobel et al. 1994; Moses et al. 2002) . One can notice the growth of coefficients at higher altitudes. Also, one can see that the rate coefficients increase with the increase of the principal quantum number n and that they are the largest for the Li*(n) + Na collisions. Additionally, they are larger for the Li*(n)+ Li than for the Na*(n) + Na collisions. The investigation of these processes is needed for better understanding of the interaction between the Io's atmosphere and Jovian magnetosphere (Wilson et al. 2002) and of the processes in the Jovian environment (Mendillo et al. 1990 ). Although lithium has not been spectroscopically detected at Io to date, some authors (Schaefer & Fegley Jr 2005) expect its presence, and estimate the abundances of lithium as well as of other candidate elements (Rb, Cs, F, Br) at Io.
Li-rich stars
As it is known lithium is easily ionized (its ionization potential is 5.392 eV), thus Li I lines can be seen only in relatively cool stars with low effective temperatures i.e., stars from A c i (n, T ) for CI processes in Li * (n) + Na, Li * (n) + Li and Na * (n) + Na collisions for the density model atmosphere of Io (Strobel et al. 1994) .
to M spectral class. The Li I resonance line (670.78 nm) is most often observed in the spectra of cool stars. Most data on the lithium abundance in stars are obtained from the analysis of this line. The considered CI processes, which influence the ionization level and atom excited-state populations, could influence the optical properties and could be important for the lithium spectra. Thus the CI collision processes could be of interest for lithium-rich stellar atmospheres (Shavrina et al. 2001 (Shavrina et al. , 2003 North et al. 1998) as an additional channel for the creation of the neutral lithium atoms and atom excited-state populations. That is why we extended the range of temperatures (to include higher temperatures) for the calculation for lithium (see Tabs. 4, 5, 8, 9 and Figs. 1 and 2) to enable the possible inclusion of CI processes in modeling of cool stars with low effective temperatures (T eff ≤ 6000 K) (see e.g Klevas et al. 2016 ) and enormous high Li abundances e.g. subgiant J0741+2132 (see Li et al. 2018 ).
Finally, the CI processes i.e. its associative channel (1(a) and 2(a)) in the binary collisions, leads to the formation of molecular ions, giving a surprising variety of molecular formations in interstellar gas and can play an essential role (Dalgarno & Black 1976) . For understanding interstellar gas chemistry and for models of interstellar clouds the rate coefficients for reactions are needed as input parameter (van Dishoeck & Black 1986) . The data for molecular ions LiNa + , LiH + Li + 2 and Na + 2 are given in this contribution (see Tabs. 2, 4, 6, 8) .
CONCLUSIONS AND DISCUSSION
The rate coefficients for the CI processes in Li * (n) + Na, Li * (n) + Li, H * (n) + Li and Na * (n) + Na collisions were calculated. The obtained results have been applied to the models of atmosphere of Iovian satellite Io. The presented values of the rate coefficients could be very useful for the improvement of modelling and analysis of different layers of weakly ionized plasmas in atmospheres of various stars (lithium stars, photosphere of Sun, etc). where these and other CI processes could be important and could change the optical characteristics.
We present the calculated rate coefficients of the corresponding CI processes in the tabulated form, which is easy for further use, with a particular accent to the applications for astro plasma research and low temperature laboratory plasma research created in gas discharges, for example in microwave-induced discharges at atmospheric pressure, where plasma conditions may be favorable for processes investigated here.
In the near future we plan to further investigate the CI processes and develop methods which could be applicable for the cases of extremely low temperatures which exists in e.g. OGLE-2005 -BLG-390Lb (Shvartzvald et al. 2017 ) ultra cool Earth-mass planet orbiting dwarf.
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